AO  No.^^ 

9DC  FILE  COPY  ADA056445 


HEBERLEIN 


D D C 
TjjlZ/rDJ? 

W JUL  12  1978 


^ ) HARDENING  OF  COUNTERMINE  STRUCTURES  . | 


DAVID  C./HEBERLEINj  PhD  ' 

US  ARMY  MOBILITY*  ^IPHE^l’-RESgARCH  AND  DEVELOPMENT  COMMAND  — ^ 

FORT  BELVOIR,  VIRGINIA 


INTRODUCTION 


Mines  have  long  been  recognized  and  used  as  effective 
barriers *to  retard  or  restrict  the  advance  of  enemy  forces.  Mines 
contain  a sensor  for  target  acquisition  and  an  explosive  kill 
mechanism  that  is  directed  towards  a vulnerable  area  of  an  acceptable 
target.  Mine  explosive  kill  mechanisms  include  blast  damage  to 
armored  vehicle  tracks,  wheels  and  suspension  systems,  shrapnel 
damage  to  personnel  or  non-armored  vehicles,  and  shape  charge  damage 
to  the  "belly"  of  armored  vehicles.  Mine  terminal  effects  can  be 
defeated  through  the  use  of  high  strength,  light  weight  composite 
materials.  Vehicle  components  and  countermine  structures  can  be 
made  from  composite  materials  that  will  retain  their  functionality 
after  being  exposed  to  blast  loading  or  high  velocity  fragments. 
Although  these  components  are  damaged  by  the  mine,  the  retention  of 
functionality  permits  the  completion  of  mission.  It  is  in  this  sense 
that  vehicles  and  countermine  structures  are  hardened  against  mine 
blast  and  shrapnel  damage. 


Computer  codes  a^e  Dicing  developed  to  evaluate  mine  blast 
and  shrapnel  damage  to  counterm\ne  structures  and  vehicles.  These 
codes  are  presently  predicting  damage  to  traditional  armor  steels  for 
which  a wealth  of  experimental  data  exists.  The  composite  literature, 
while  rapidly  expanding,  is  not  adequate  to  establish  the  shock 
compression  equatlons-of-state  for  these  materials.  The  objective 
of  this  investigation  is  to  provide  an  experimental  base  for  con- 
structing the  shock  compression  equatlons-of-state  for  selected  com- 
posite materials. 
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SHOCK  COMPRESSION  EQUATION-OF-STATE 

The  vitility  of  oominiter  codes  to  iiieaninKfuHy  predict 
structural  response  to  shock  deposition  is  largely  determined  by  the 
accuracy  and  completeness  of  the  data  used  to  determine  the  shock 
compression  equal ions-of-state.  Because  structures  are  both  heated 
and  compressed  during  shock  loiidlng  It  Is  necessary  to  di'termine  the 
temper.Uure  dependence  of  all  Independent  variables  in  order  to 
predict  the  time  dependent  response  of  the  structure.  The  approach 
chosen  to  determine  tlie  material  coefficients,  A and  B,  in  the  shock 
compression  equal lon-of-state 

P » A (j’/j’o-  1 ) + B (//jj,-  1 ) (1) 

where^  is  the  material  mass  density,  also  determines  whether  A=A(T) 
and  B’BCT)  can  be  obtained  from  experimental  data. 

One  direct  method  to  iibtaln  the  temperature  dependence 
of  the  material  coefficients  is  through  the  Grunelsen  formulation  of 
the  Debye  theory  of  solids.  An  approach  suggested  by  Harris  and 
Avraml^  expands  Equation  1 above  in  terms  of  V for  small  volume 
changes  as: 


PV  = a'  Vq  E b' Vq  + c' . (2) 

V 

The  Gnineisen  parameter,  f’ , can  be  expressed  in  terms  of  the  speed 
of  sound, as 

r*  “ “ V 

f*o  wv/p 

where  d„is  defined  in  terms  of  the  longitudinal  sound  velocity,  Cp, 
and  the  transverse  sound  velocity,  C[,  as 

I3  - I3  + 23  (4) 


Equal  ii>ns  2 and  3 can  be  ci'iiibined  to  give  the  speeii  of  sound  In  terms 
of  the  shock  pressure,  P,  to  give 
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Fi'um  U'li  S,  t lio  of  soiiiul  I’an  In*  oxp  rosscil  In  loiiiis  ot  tin* 

iiM  1 f 1 a 1 I'oo  t f 1 1' 1 ont  s by 


which  can  ho  approx  linat  oii  to  ^;ivo: 

^ ^ U i - ‘)i 


For  (B/A)  ((j’/ji.)  “ 0<2tl.  otpial  lv)n  7 roiiiicos  to 

V 3 C ^ “ V 3 S C / ''o  ~ ^ 

c 3 v*^'  c 3 V c.  ^ A \ /j 

’ ~ ^ \ » ''o  ] • 

C [ A v2  J 


giving  tiio  C'.ronolson  i>arainotor  at  V =•  as 
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The  Import  anco  of  tliis  result  is  tliat  the  matorial  ci'of  f 1 c i out  s ft>r 
the  shock  i-ompross  ion  oipiat  ion-of-st  at  i*  can  ho  t'Sl  ahl  i shod  from 
f inulamoitt  a I t Iii'inuHlynamic  proport  los  of  t lie  mat<Mials  t hoiiisol  vos  . 

The  tiMiiporatnro  dopoiuionce  of  the  t'.ronolson  paraini't«*r  is  ttivon  hy 
the  thermal  expansion  ci'o  f f i c i ont  , C(  , tlio  specific  hiMt  , , and  the 

isothermal  compress  ih  i I 1 1 y , K.|.,  as 

Per)  » fV(T)  V(T)  . (in 

(\,(T)  Kf  (T) 


Thus,  the  temperature  dt'pi'nde\u'e  of  the  ratio  of  the  material 
coe  I f i i- 1 ent  s of  the  shi'ck  compiession  eipiat  lon-of-st  at  »>  may  he 
deteimined  direi'tly  tiiioii^h  nuM.sin  I'mi'iil  s i>(  (lie  theimal  expansii)n 
<oe  t f i c i on  t , spi'c  i f i c heat  and  isinheim.il  ci>mpr  I'ss  i h i 1 1 1 y . This 
p.iper  ri'potts  I'Xper  iment  al  data  of  ri'l.itive  vi'lume  eh.inc.t'S,  tluniii.U 
I'xp.inslon  eo<*  I f i e i ent  , .ind  speeilic  heat  .is  fiinetions  of  t I'lnper.it  ni  e 
for  selecteil  i-iunpies  i 1 1'  m.ileii.ils  oviT  the  I empei.it  nri-  inteiv.il 
?‘'i0  to  i/0  K.  These  il.ita  wIumi  cemhiiieit  with  si'uiul  vi'loi'ity  il.it  .i 
are  used  to  lonstriict  tlii‘  time  dt'pemlent  shin'k  eompii'ssion  ei)iiatiiin- 
of-state  for  e.u'h  material.  The  f oi  mill  at  i on  of  the  computer  coile 
reipiires  th.it  three  i inlei'endent  eipi.it  ions  for  shock  pii-ssure. 
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changes  in  internal  energy,  and  the  elastic  pressure  are  expressed  in 
terms  of  the  material  coefficients  and  the  material  mass  density  such 
that  specification  of  initial  coiiiiitions  and  the  shock  conditions 
defines  the  shock  deposition  process. 

AI’rARATUS  AND  TKCHNIQUES 

The  apparatus  for  measuring  the  length  changes  in  the 
composite  samples  is  shov«m  in  Figure  1.  The  changes  in  sample  length 
were  observed  <is  changes  in  capacitance.  The  capacitor  was  of  the 
three-terminal  type.  The  area  of  the  fixed,  guarded  plate  was  6.41 
cra^.  The  capacitor  gap  was  nominally  0.020  cm,  resulting  In  a 
capacitance  of  approximately  20  pF.  The  capacitance  was  measured 
to  approximately  1 part  in  10^,  giving  a length  resolution  of  10~7cm. 
Sample  lengths  were  typically  0.254  cm.  A calibrated  platinum 
resistance-thermomethor  was  situated  in  a well  in  the  sample  platform. 
The  stated  calibration  was  checked  both  at  the  ice  point  and  against 
the  vapor  pressure  of  liquid  nitrogen  between  64  and  77  K.  The 
calibration  points  for  the  resistance  R and  temperature  T were  used 
in  the  relationship, 

R =•  Ro  ( I +^T  F rl;ih,  (12) 

to  determine  values  for  the  constants and  7^.  Values  for  these  con- 
stants were  found  that  represented  the  stated  calibration  to  an  rms 
deviation  of  0.03K  over  the  temperature  Interval  230  to  370  K. 
Temperature  changes  were  detected  as  resistance  changes  using  a Hew- 
lett Packard  3490A  Multimeter.  This  instrument  uses  a four  terminal 
measurement  technique  detecting  changes  as  small  as  0.001  ohm.  The 
stated  accuracy  of  the  rcslst.ince  measurement  is  O.OOOl  percent. 

During  the  course  of  the  experiments,  the  Hewlett  Packard  3490A 
Multimeter  and  the  Hewlett  Packard  4270A  Automatic  Capacitance  Bridge 
were  used  in  the  remote,  addressed  mode  for  acquiring  data  and 
transmitting  it  to  a Hewlett  Packard  9830A  Calculator  for  data  stor- 
.ige  and  display.  The  sample  chamber  was  surrounded  by  a can  into 
which  helium  exchange  gas  was  introduced.  A vacuum  space  thermally 
isolated  this  can  from  a surrounding  liquid  bath.  A lu-ater  was 
wound  on  the  exch.inge  gas  can  to  maintain  the  entire  sample  chamber 
assembly  shown  in  Figure  1 at  the  desired  temperature.  The  data 
ai-qulsltion  system  w.is  programmed  to  maintain  each  temperature  for 
a total  of  thirty  measurements  at  each  temperature.  The  capacltance- 
temp»‘rature  data  were  then  averaged  before  being  stored  in  the  memory 
of  the  IIP  9830A  Calculator. 


f qturc  2 Sampk'  chamh«*r  fur  ht-at  mr^^urrmr^r^ 
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Tlie  sample  chamber  used  for  the  heat  capacity  measurements 
is  shown  in  Figure  2.  The  sample  chamber  was  surrounded  by  a vacuum 
can  wliich  was  used  as  an  adiabatic  heat  shield  about  the  sample  dur- 
ing the  heat  pulse  measurements.  A 100-ohra  heater  was  wound  on  the 
outside  of  this  inner  vacuum  can.  The  inner  vacuum  can  was  thermally 
isolated  from  the  bath  temperature  by  an  outer  vacuum  can.  During 
temperature  calibration,  the  inner  vacuum  chamber  was  filled  with 
helium  exchange  gas.  This  Insured  that  the  sample  temperature  was 
the  same  as  that  of  the  sample  chamber  assembly.  Tlie  composite 
samples  were  suspended  by  two  0.002  cm  diameter  nylon  wires  from  the 
walls  of  the  sample  chamber.  The  themometer  and  heater  leads  to  the 
sample  were  thermally  anchored  to  glass-to-metal  seals,  which  were 
soldered  into  the  base  of  the  copper  sample  chamber.  Copper  wires, 
0.002  cm  in  diameter,  were  used  as  leads  from  the  glass-to-metal 
seals  to  the  sample  to  minimize  the  heat  leak  from  the  sample  chamber 
to  the  sample.  The  sample  heater  was  a 0.004  cm  diameter  Constantin 
wire  nonlnduct Ively  wound  on  the  outside  of  the  sample.  A four 
terminal  circuit  was  used  to  measure  the  current  and  voltage  across 
the  sample  heater.  The  sample  heater  current  was  measured  In  terms 
of  the  voltage  drop  across  a 1-kilohra  resistor  maintained  in  an  ex- 
ternal oil  bath.  The  voltage  across  the  1-kllohra  resistor  and  the 
voltage  across  the  heater  were  measured  with  a Hewlett  Packard  3490A 
Multimeter.  The  time  duration  of  the  heat  pulse  was  detected  with 
a Hewlett-Packard  5328A  Frequency  Counter.  The  stated  acurracy  of 
those  measurements  was  better  than  O.OOl  percent  for  the  ranges  which 
were  used.  The  primary  tliemometer  used  in  these  measurements  was 
a calibrated  platinum  resistance-thermometer  as  described  for  the 
relative  length  change  measurements.  The  platinum  resistance  thermo- 
meter was  situated  in  a well  in  the  base  of  the  sample  platform  shown 
in  Figure  2. 


Because  the  size  of  the  samples  was  generally  small 
(typically  less  than  3 grams),  the  mass  of  the  sample  thermc>meter 
was  a major  factor  in  maintaining  the  absolute  accuracy  of  the  heat 
capacity  measurements.  The  use  of  standard  resistance  thermometry 
was  precluded  by  the  size  and  weight  of  commercially  available  plati- 
num, germanium,  and  c.arbon  resistors.  The  choice  of  the  sample 
thermometer  was  also  based  on  the  nominal  resistance  of  the  tempera- 
ture sensor,  its  temperature  sensitivity,  and  its  reproducibility  on 
thermal  cycling.  The  sample  thermometer  chosen  consisted  of  a 5 cm 
piece  of  0.0004  cm  tungsten  wire  wound  non-induct ively  about  the 
sample.  The  wire  was  obtained  in  the  form  of  a 100  ft  (30.3  m)  spool 
from  Sigman  Cohn  Corporation.  The  tungsten  wire  was  attached  to  the 
composite  samples  using  a fine  resin  spray.  This  method  of  attach- 
ment proved  to  provide  good  thermal  contact  between  the  thermometer 
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and  the  sample.  'Die  roeiii  temperature  resistance  of  tlie  tungsten 
resistance-thermi'meter  was  typically  100  ohras.  The  total  resist. nice 
of  the  tungsten  resistance  therraometrr  ch.inged  by  a factor  of  1.64 
between  240  and  370  K.  Changes  in  the  resistance  of  the  tungsten 
res i stance-thermometer  were  detected  using  a Hewlett  P.ackard  3490A 
Multimeter.  The  3490A  Multimeter  uses  a bridge  principle  for  measure- 
ment such  th.at  the  nominal  heat  supplied  to  the  temperature  sensor 
was  less  than  1 plcowatt.  Tn  order  to  maintain  a high  precision  of 
temperature  accuracy  for  the  small  temperature  excursions  of  the  s.ara- 
ple  during  and  after  the  application  of  the  heat  pulse,  a function 
w.is  determined  that  gave  the  tungsten  wire  resistance  in  terms  of  the 
temperature.  The  fit  of  the  tungsten  resistance  over  the  temperature 
interval  240  to  370  K had  an  rms  deviation  equal  to  or  better  than 
that  for  the  primary  platinum  thermometer.  The  function  used  to 
determine  the  temperature  from  the  resistance  of  the  tungsten  wire 
was  of  the  form: 

i=4  (slope) i 

T = Z!  AiR  (13) 

i=0 

Using  this  function,  the  9830A  Calculator  could  quickly  and  accurately 
calculate  sample  temperatures. 

The  inner  vacuum  chamber  was  evacuated  during  the  heat 
pulse  measurements.  The  inner  vacuum  can  and  the  copper  sample 
chamber  were  maintained  at  a constant  temperature  during  the  heat 
pulse  measurements  and,  thereby,  served  as  adiabatic  heat  shields. 

The  temperature  of  the  adiabatic  shield  and  the  s.imple  were  maintained 
at  the  same  temperature  for  a period  of  60  seconds  before  a heat 
pulse  sequence  was  initiated.  After  equilibrium  between  the  sample 
temperature  and  the  sample  chamber  assembly  had  been  maintained  for 
a period  of  60  seconds,  the  s.imple  temperature  was  allowed  to  drift 
cold  for  a period  of  30  seconds.  This  temperature  drift  before  ;ind 
after  the  application  of  the  heat  pulse  was  u.sed  to  correct  for  the 
true  temperature  excursion  during  the  application  of  a heat  pulse. 

The  heat  pulse  duration  was  typically  15  seconds  during  which  time 
a Hewlett  Packard  3490A  Multimeter  was  used  to  ro.ike  at  least  15 
separate  readings  of  heater  voltage,  heater  current  and  s.imple  temper- 
ature. After  15  seconds,  the  current  to  the  heater  was  shut  off 
automatically  and  the  temperature  of  the  sample  recorded  .is  a function 
of  time  for  200  seconds.  The  change  in  sample  temperature  w.is 
determined  by  extrapolating  the  temperature  drift  both  before  and  after 
application  of  heat  to  the  ctuiter  of  the  heat  pulse.  The  entire 
process  w.is  controlled  by  a progr.im  entered  into  the  memory  of  the 
9830A  Calculator.  All  data  collection  and  analyses  were  performed 
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(‘utlioly  within  t lu*  lifwK-tt  !\(v.-k.(ril  U)S()H  P.il.i  Ai-ijii  i s 1 1 i I'li  Systfin. 
A jiiM  m.mcnt  ii’i'oiii  vit  I’.ii-li  hi'. it  I’lilsi'  w.is  ti'i'i'i  lii'ii  with  a Itfwli'it 
r.ii'k.irii  *>8ti'.?A  rtu-rm.il  I'r  tutor. 

lUl'A  ANALYSIS 


Tho  r.-iw  il.ita  for  l lio  rol.it  ivo  loiigth  oh.niito  no.isiiromoiit  s 
oonsistoil  of  .1  sorios  of  v.iliios  of  o.iii.io  i t .moo  vorsus  t i-mpor.it  nro  .it 
ossoiiti.illy  /oro  pri's.snro  . Tho  o.ip.io  i t .moo  C fi'f  a t !iroo-t  orni  t ii.'i  1 
o.ip.ioltor  visiiijt  a >;u.uil  rln^  is  rol.itoil  to  t lio  vt.ip  Ii-iiitth  1 by 

O 


trf.  rw 


"u) 


whoro  r is  tho  r.iilins  of  tho  pl.ito  with  tho  riiii;,  ^ is  tho 

porml  1 1 I V 1 1 y , .iiul  w tho  half -width  of  tho  sp.ioiiij;  hotwooii  tho  insido 
r.idliis  of  tho  y'.vi.ird  r i iiv;  .md  tho  radius  of  tho  pl.ito.  I’ho  oxpori- 
moiital  ytooinotry  r>)>w  m.ido  tho  offoot  of  tho  last  toim  in  Kipi.it  ion  14 
on  Ic'ss  t h.m  0.1  I'l'ii'i'iU  .md  w.is  noytlooiod.  I'h.my.os  in  saniplo 

lonjtth  1^  .iro  found  dlrootly  In  toims  ot  C flora  Fipi.ition  14  hoo.mso 
Ijj  f 1 , « oonst.mt.  I'ho  llno.ir  oxp.mslon  oootfiolont  w.is  oht.ilnod 
hy  d i f Toront  i.it  Ini;  KijiMtion  14  with  rospoot  to  tompor.itnio  .it  oon- 
St. lilt  prossuro  to  givo: 


/dlK^-  •ll’Sr'  I dC\  F 2irf.v  / 'U-  ] 
\dT  /j,  C'-’  L dTj(  C V di 


I'lio  l.ist  torra  in  Kiin.it  ion  IS  was  .ilso  iioyl  oo  t od  hoi-.m-io  tho  ladi.il 
oxp.mslon  of  the'  oi'ppor  pl.itos  w.is  sm.ill;  i.o. 

I /del  x\  loVlVdiA 


c \dr^. 

Si noo  tho  g.ip  li'iigth  oh.in;;o  is  oipi.il  .md  opj'osito  to  tho  s.inplo  lonyth 
oh.mgo,  dlj,  " -dl^,  tho  lino.ir  oxp.mslon  ooo  I f i o i out  is  givon  hy 


r* 


Roi'.uiso  rao.isni  oiiii'iit  s woft'  t.iki'ii  .ili'iig  thtoo  po  i I'ondi  on  1 .ir  .ixo.s  lor 
I'.ioh  s.iiiiplo,  tho  volnwo  oxp.msion  ooo  t f i o i out  w.is  oht.iinod  hy  .nhling 
tho  throo  lino.ir  oxp.msion  oooffioionts  for  o.ioh  s.nnplo. 


Tho  spooitio  ho.it  of  .i  m.itori.il  is  dofiiu'd  .is  tho  ho.it 
o.ip.ioity  norn.i  1 i .•  od  por  iii.iss,  voliimo,  or  inolo.  For  .i  solid  m.i  i nl  .i  i nod 
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>it  ossi'iit  i .1 11  y /oro  pii'ssure , tlie  spi-cific  lu'.it  .it  const. iiit  pressure, 
Cp  Is  glvon  by: 

C - I ( A l^)  - I Vii  1,,  0 8) 

ra  ( A T)  ra  T 

wliiTf  m is  tilt'  in.iss  of  flio  s.implo,  AQ  tbe  tot.il  .imonnt  of  lu>;il  .uUlc'ci 

to  the  s.implo,  Vj,,  the  volt.ige  across  the  ho. iter,  I]|,  the’  eurrent 

in  the  he.itcT,  aiui  St  the  total  time  the  heater  was  on.  The  he-. it 
le.ik  from  the  he. iter  le.uls  to  the  s.imple  was  c'cnreetod  through  the 
use  cif  .1  t hree- 1 ermi  n.il  nwascirement  teehnicpie  ccf  he.it  supplied  t r*  the 
heater.  In  this  tc'chniipie  two  m.itehed  le.ids  .ire  ccuineeted  from  the 
glass-to-net  al  se.ils  in  the  h.ise  of  the  ehamher  assembly  t C’  c'lu'  side 
of  the  s.imple  he. iter.  .A  tliird  m.itehed  le.id  extends  f ri’in  the  other 
side  of  the  s.imple  he. iter  to  a third  gl.iss-to-metal  seal  thermally 
.inehort'd  to  the’  s.imple  pl.it  fi'i'in  .issc'inhly.  In  this  m.iniu’r,  es.u'tly 
cine-half  of  the  ohmic  lu'ating  occurring  in  tlu'sc'  lead  wire’s  is  auto- 
m.itlcally  counte'd  in  the  me.isurement  of  j'owc’r  suppl  ic'd  to  the  s.imple 
heater.  The  c>thc’r  half  cif  the  c'hmlo  he.it  ing  is  not  count  I'd  because 
it  is  absorbed  by  the  s.imple  pl.it  form  assembly.  The  additic'nal 
heat  capacity  of  the  s.imple  he. iter  .iiui  t hc-rmomet  c-r  was  much  smaller 
than  that  of  the  composite  s.imples,  C s.imple  ^10*-  ^ ^thorm^* 

and  corrections  to  the  calculated  specific  heat  v. lines  for  the  m.isses 
of  the  he. Iter  .ind  sample  therme'met  er  w.'re  alsci  negli’ctc'd. 

COMI’O.SITK  S.\MTl.KS 

The  ccimposite  samples  were  cibt.iined  from  Or.  I.  O.iniel, 

1 IT  Rese.irch  Institute,  Chicago,  Illinois.  riie  s.imples  selected  were 
rc’present  at  i ve  of  different  types  c>f  composites  .is  well  as  simil.ir 
materials  with  different  plies.  The  cc'mposite  selection  included 
cross-ply  K-Glass,  cross-ply  S-Class,  unidirectional  S-Glass,  bc'ron/ 
aluminum  1928-9,  boron/.iluminum  1928-11  and  KKV1.-\R.  The  c-.ixis  w.is 
t.iken  as  th.it  axis  perpendicular  to  the  plies.  The  a .iiid  b .ixc'S  Wc-re 
idc’iitified  as  sp.itially  orthogonal  to  the  c .ixis. 

The  resin  ccimposites  absen'b  moisture  fri’m  the  air  over 
prolonged  periods  of  explosure.  Before  the  samples  were  mcnintc'd  in 

the  s.imple  chamber,  each  s.imple  w.is  held  in  .in  oven  .it  17  1 K for  .i 

period  of  approx  i m.i  t e ly  1 week.  .-Vfter  the  s.imples  were  nuninted  in 

the  s.imple  ch.imber,  the  s.imples  w.’re  he.ited  to  .ISO  K,  .ind  .i  v.i.-uum 

established  about  the  s.imple.  The  he.ited  samples  were  maint.iin.’d  in 
v.iciio  for  a pericid  of  day  bc’fore  experiments  were  initi.ited. 
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A typii'.il  plot  of  ft'l.itivo  loii}',th  ihaugo  vorsus  t I'liipoiMt  ure 
is  shown  in  Fignio  3 for  tho  o -.ixis  of  n KiA'I  AR/ f Rl.A  s.niiplo. 

rlu*  llno.ir  expansion  ooottii  iont  oan  ho  ohtainoil  thronj;h  a point-hy- 
point  il  i t f o font  i a t ii'n  of  the  li.ita  shown  (n  Kijtnre  3.  The  seatter 
inherent  in  this  teehniipie  is  approxinat  el  y ^ 3%.  In  oiih-r  to  han.ile 
the  mimennis  eaU-nlatlons  fiir  whiih  these  >lata  will  be  useii , a 
vllffeii'nt  tv'ohniijne  w,,s  iisi-il  to  e.ilenlate  the  linear  expansion  eoeffi- 
elent.  An  analytic  function  was  ca  1 cn  1 a t t'd  to  fit  the  relative 
chaiup's  in  lene.th.  Typically,  8 to  10  points  from  the  relative  K-ngth 
change  versus  temperature  curves  were  used  to  find  an  analytic  function 
of  the  form: 
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The  linear  expansion  coefficient  is  then  found  by  differentiating  the 
analytic  function  fv^und  from  T»piat  ion  19  with  respect  to  temperature. 
The  linear  expansion  coefficient  corresponding  to  the  data  shown  in 
Figure  3 for  relative  Kuigth  changes  aK'ng  the  c-,txis  in  RKVI.AR  is 
shown  in  Figure  4.  The  volumetric  expansion  coefficient  is  then  ob- 
tained by  adding  the  linear  expansion  coefficients  for  the  three 
independent  spatial  axes.  The  volumetric  t'xpansion  found  for  samples 
of  boron /aluminum  1928-9  is  shown  In  Figure  5. 


The  specific  heat  data  were  taken  at  apprv^x  imat  ely  O.S  R 
temperature  increments  from  240  to  3/0  K.  The  raw  spt-cific  beat  data 
for  cross-ply  S-tllass  epoxv  composite  is  shown  as  a function  v’f 
temperature  in  Figure  b.  To  facilitate  handling  of  the  data,  an 
analytic  function  of  the  form 
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was  fit  tc'  ten  experimental  sjH'cific  heat  Vi'rsus  temperature  data 
points.  Fiom  the  smoothed  curvi'S  obt.tined  for  the  volumetric  expans- 
ion coeffiiient  .ind  those  obtained  for  the  specific  ht'at  f rom  ,Fiiuat  ion 
20,  it  is  possible  to  siu'w  the  temperat\ire  dependence  of  where 

Cy  is  the  spi'ed  vif  so\uid  in  the  scilid  material.  The  Otuneisi'n  pai  a- 
meter  is  given  by 

rCCy-  (2\) 
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The  t i-mpeiMt  lire  ilei'eniienee  of  the  ijii.intily  lO'^  i^hown 

for  s.i'.iples  of  eross-ply  T-Cl.iss  and  eri'ss-ply  S-CIlass  i-poxy  lom- 
posites  in  Kisures  7 and  8 ri'-peet  i vely  . Ri'eanse  the  i \piT  i runt  a 1 
data  iliat  leads  to  the  formation  of  Figures  7 and  8 is  t I'o  voluminous 
to  presiMit  lu'ieln,  the  d i f f or.  net’s  in  their  temperature  liependenee  is 
sunmarlzed.  The  heat  eap.u'lties  of  the  S-tllass  et’iiiptisites  were  ! ound 
to  be  hlgb.er  than  those  measuretl  for  the  K-(llass  i-i'mpos  i t es . The 
tlu’fraal  expansion  coel  f ie  ient  s , while  the  same  ordt-r  I'f  magnitude 
for  both  type  of  Class  epoxy  ei'mpos  i t es , exhibited  .t  inueh  stronger 
temperature  dependt-nee  for  the  S-Class  eompv's  1 1 es . In  fact,  both 
S-Class  eomposites  exhibited  a negative  volumeti ie  expansion  loelfl- 
eient  ftir  temperatures  below  approx  imat  el  y 1.’5  K.  Bet'ause  t lie  iso- 
thermal eompress ib i 1 i ty  is  generally  slowly  varying  with  temperature 
over  the  temperature  interval  of  intetest,  it  ran  be  seen  from  lajua- 
t ion  21  that  the  nuantiiy  *70^  shown  in  Figures  7 and  8 is  a good 
approximat  ion  to  the  temperature  depi-ndem-e  of  the  Cruneison  parameter. 
Although  neither  isothermal  eompress ibt I i ty  lU'r  sound  veloeity 
measuremi’iit  s are  presently  available  over  this  temperature  intinval, 
it  is  reasonable  to  assume  that  the  st  fi'iig  temperature  dependenee 
of  shown  in  Figures  7 .ind  8 .nid  similiarly  found  for  the  other 

eomposites  measured  in  this  investigation  indieates  that  ti  ise  of 
only  the  room  temperature  value  of  the  Cruneisen  parameti’r  ii.  shook 
eonpresslon  eijuat lons-of-st at e will  lead  to  erroneous  or  eninterpret- 
able  predii'tions  of  the  time  di-pendent  ii’sponso  of  a eomposite 
material  to  shook  loading. 

Al'F  1,1  CAT  IONS  ro  DKVKi.Oi'MFN  I'M,  Wt'KK 

Composite  materials  pit’soiit  I'ertain  [’hysioal  properties 
that  make  them  promising  caiuiidatt'S  for  use  in  hardening  vehioles  and 
eountermine  eijuipment  to  mine  blast  and  shrapnel  damage.  The  he.it 
eapaeities  measured  for  the  composite  m.iterials  are  of  the  same  order 
of  magnitude  .is  that  found  for  strong  metals.  The  oompesito  materi.ils 
.ire  c.ipable  of  absi'fbing  large  qu.intities  of  energy  from  shook 
loading.  The  therm.il  expansion  of  composite  m.ileri.ils  is  gener.illy 
slightly  higher  than  th.it  used  in  .irmor  ra.i  t er  i.il  s . The  composite 
m.iterials  are  considerably  lighter  th.in  .armor  materials  while  ret.iin- 
ing  strength  propet  tii’S  i-qual  to  that  found  in  .irmor  stools.  The 
composites  c.in  be  fiumed  with  the  reenfinci'ment  plies  pt'i  pend  i cul  .ir 
to  the  direi-tion  of  .inticip.Ued  loaiiing.  An-.u'r  steels  ,ire  ossi'ntially 
homogeneous  solids  .ind  i-ritic.il  Ivi.iding  results  in  c.it  ,ist  rophic  f.iil- 
ure  to  .in  i-ntire  structure.  Composite  materi.ils,  while  exhibiting 
local  f.illure  to  bl.ist  lo.iding,  retain  tlu'ir  structural  form  and  thus 
tlu’ir  funct  ional  ity . In  addition,  the  compi'site  material  absorbs 
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largo  amounts  of  the  shock  energy  and  does  not  pass  this  energy 
through  it  to  some  other  wc>aker  link  In  the  structure. 

For  development  work,  it  is  necessary  to  consider  not  only 
the  physical  properties  of  the  composite  materials  but  also  the  cost 
of  ac(iulsition  and  tooling  workable  structures.  Shown  in  Figure  9 
is  a cylindrical  form  built  principally  of  low  cost  KKVI.AR.  This 
particular  KKVI.AR  structure  has  been  subjected  to  the  blast  and 
shrapnel  from  ten  M-21  mines  (M-21  mines  contain  10  lb  of  11-6 
explosive).  The  structure  survived  these  repeated  shots  at  distances 
ranging  from  2 to  6 feet  at  the  solid  angle  found  to  have  the  highest 
density  of  metal  mine  fragments.  This  particular  structure  was 
developed  to  protect  a countermine  coil,  used  to  clear  magnetic 
Influence  mines,  from  blast  and  shr.apnel  damage.  Shown  in  Figure  10 
are  two  fully  hardened  cinint eimine  coils  to  be  used  in  field  testing 
against  live  mines.  The  composite  material  used  to  harden  the  coll 
to  blast  and  fragment  d.im.age  .amounts  to  less  th.in  ''t0%  of  the  weight  of 
the  total  coil  structure. 


CONCl.USIDNS 


Future  measuremiutt s of  the  sound  velocity  of  these  compos- 
ites will  define  the  temper, iture  di-peiuh  nee  of  the  Cruneisen 
par.ameter  and  the  temperat\ire  dependence  of  the  r.at  lo  of  the  material 
coefficients  in  the  shock  c<'rapression  «'<]u.»t  ions-of-state.  These  data 
will  permit  the  development  of  predictive  codes  that  can  trace  the 
time  evolution  of  shock  deposition  in  various  structures.  The 
high  specific  heat  values  found  for  composites  indicates  that  these 
materials  can  be  used  to  .absorb  large  quantities  of  energy  and  thereby 
preclude  the  p.issage  of  this  energy  to  weaker  links  in  the  structure. 
The  temper.ature  dependence  of  the  quantity  Ot/Cy  indicates  a strong 
dependence  of  the  Cruneisen  parameter,  P,  on  temperature  and  conse- 
quently the  import, ince  of  defining  B(T)/A(T)  for  composites  before 
development  of  predictive  codes. 
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